Background: Although secondary acute leukemias and myelodysplasia are the known complications of adjuvant chemotherapy for breast cancer, the treatment outcome of these secondary malignancies is presently unclear. We examined the clinical and pathological features as well as the treatment results of a series of patients with acute leukemia/myelodysplasia arising after adjuvant chemotherapy for breast cancer.
introduction
The outcome of early-stage breast cancer has been considerably improved in recent years with the development of effective adjuvant combination chemotherapy, which prolongs diseasefree and overall survival [1] . The majority of patients with early-stage breast cancer whose tumors exceed 1 cm in size currently receive adjuvant chemotherapy that most often includes cyclophosphamide and an anthracycline with or without a taxane [2, 3] . Patients who chose to undergo lumpectomy will in addition receive radiation therapy for locoregional disease control.
Secondary leukemia and myelodysplasia result from chemotherapy or radiation therapy-induced hematopoietic stem cell damage and is arguably the most serious long-term consequence of chemotherapy and radiation therapy [4] . Translocations involving the mixed-lineage leukemia (MLL) gene on chromosome band 11q23 are a hallmark of therapyrelated acute leukemia and myelodysplasia that results from treatment with topoisomerase II inhibitors, which includes the anthracyclines [4, 5] . These translocations of the MLL gene result in its fusion with a variety of partner genes resulting in aberrant gene expression in hematopoietic stem cells and development of leukemia [6] . Other abnormalities including MLL partial tandem duplication, MLL amplification, corebinding factor (CBF) and PML-RAR-a translocations have also been described in therapy-related leukemia [4, [7] [8] [9] [10] [11] .
The incidence of secondary leukemias after nonanthracycline-based adjuvant chemotherapy regimens for breast cancer appears to be low [2, 4] . However, the precise incidence and treatment outcome of such hematologic malignancies occurring secondary to currently used original article anthracycline-and taxane-containing regimens is not well studied. We describe the clinical and pathological features of a series of cases of secondary acute leukemias or myelodysplasia that followed adjuvant chemotherapy for breast cancer and report our treatment results, with special reference to the outcome of hematopoietic stem cell transplantation (HSCT) for these patients.
patients and methods
The study was approved by the Institutional Review Board of City of Hope Medical Center. Patients referred to City of Hope Medical Center during a 5-year period from 2001 to 2006 for the treatment of myelodysplasia or acute leukemia and who had received adjuvant chemotherapy for breast cancer are included in this report. Patients who had undergone high-dose chemotherapy followed by autologous stem cell transplantation as adjuvant therapy are excluded. Whenever possible, cytogenetic studies carried out at outside laboratories were confirmed at our institution by FISH analysis on fresh or archived specimens using standard methods. Survival curve for leukemia-free survival was drawn using the Kaplan-Meier estimator.
results
Fifteen women who met the above criteria were identified. Their clinical and pathological features are summarized in Table 1 . Patients ranged in age from 32 to 66 years. Anthracycline (doxorubicin or epirubicin), cyclophosphamide and taxane (paclitaxel or docetaxel) were the commonest chemotherapy regimen used (seven patients) followed by cyclophosphamide, methotrexate and 5-fluorouracil in three patients, doxorubicin and cyclophosphamide in two patients and cyclophosphamide, doxorubicin and 5-fluorouracil in three patients. Thirteen patients received radiation therapy. The latency period from the initiation of chemotherapy to the diagnosis of the secondary malignancy ranged from 9 months to >7 years. Ten patients had a latency period of 2 years or less from initiation of chemotherapy.
There were 13 patients with acute myeloid leukemia (AML), one patient with myelodysplastic syndrome and another with precursor B-cell acute lymphoblastic leukemia. MLL gene rearrangement was the commonest chromosomal abnormality and was detected in eight patients. One of the AML cases had acute promyelocytic leukemia (APL) with a cryptic PML-RAR-a gene rearrangement, confirmed to be an insertion of the RAR-a gene into the derivative chromosome 15 by FISH analysis. One patient each had inv(16), trisomy 8, t(8;16) and t (9;22) . In the patient with trisomy 8 (case 14), sufficient material was not available to exclude a variant t(8;21). Two patients had AML with normal cytogenetics. One AML patient presented with myeloid sarcoma of the uterus without concurrent leukemia. MLL gene rearrangement was demonstrated in this patient by paraffin-embedded FISH analysis of tumor tissue. The details of this case have been published elsewhere [12] .
The details of treatment for breast cancer and the secondary hematologic malignancy are summarized in Table 1 . One patient died of sepsis after induction therapy and another two patients died of progressive disease before HSCT. Twelve of 15 patients underwent HSCT. Morphologic complete remission (CR) after induction chemotherapy was achieved in 9 of 11 patients with acute leukemia who underwent HSCT. Busulfancyclophosphamide and fludarabine-melphalan were the commonest conditioning regimens and were used in six and four patients, respectively. Five patients each received matched sibling donor and matched-unrelated donor HSCT while one patient each received autologous and double umbilical cord blood HSCT.
One patient died at 2.6 months after having relapsed at 2.4 months post-transplant. Another patient relapsed at 4.1 months after allogeneic HSCT, but was reinduced into CR with 5- 
discussion
The cases reported here illustrate the spectrum of chromosomal abnormalities that occurs in hematologic malignancies that occur after adjuvant chemotherapy for breast cancer. Although MLL gene rearrangements were by far the commonest, a variety of other chromosomal aberrations were present including CBF translocations, t(15;17) and trisomy 8. As would be expected for secondary leukemias related to topoisomerase II inhibitor therapy, our cases are notable for the short latency after chemotherapy in most patients, in some cases as early as within the first year after initiation of chemotherapy. Durable remissions were achieved in 11 of 12 patients who were able to undergo HSCT.
Secondary acute leukemia/myelodysplasia with an 11q23/ MLL gene rearrangement is a well-described complication of anthracycline-based adjuvant chemotherapy for breast cancer. The median latency for development of these malignancies was 24 months in one study [13] . Translocations involving 11q23/ MLL have generally been attributed to the topoisomerase II inhibitor activity of anthracyclines in the case of adjuvant breast cancer therapy. However, various factors appear to modulate the leukemogenicity of anthracyclines including addition of alkylating agents and/or radiation [13, 14] . Although MLL rearrangements typically manifest as AML or myelodysplasia, rarely manifestations such as acute lymphoblastic leukemia or isolated myeloid sarcoma may occur as illustrated by individual patients in this report.
Other leukemias that have been reported in the therapyrelated setting are AML with CBF translocations namely t(8;21) and inv(16)/t(16;16), AML with RUNX1 (AML1) mutations and APL [8, 10, 15, 16] . A variety of point mutations have also been reported in therapy-related AML and myelodysplasia [17] . The role of topoisomerase II inhibitors in the pathogenesis of t(8;21) and t(15;17) AML has been shown in studies that demonstrate clustering of DNA breakpoints in these translocations with topoisomerase II cleavage sites [11, 18] . One of our patients had inv(16) AML and another had PML/RARa-positive APL. In one study where data on 48 patients with Interval from beginning of chemotherapy. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; MDS, myelodysplastic syndrome; HiDAC, high-dose cytarabine; CR, complete remission; PBSC, peripheral blood stem cells; MRD, matched-related donor; MUD, matched-unrelated donor; HCT, hematopoietic cell transplantation; UCB, umbilical cord blood; DOD, died of disease; NA, not applicable; MRD, minimal residual disease; Q-PCR, quantitative-PCR.
original article
Annals of Oncology therapy-related leukemias/myelodysplasia carrying inv (16) and 41 patients with t(15;17) leukemia was analyzed, 33 patients had received treatment for breast cancer [10] . Similar to leukemia/myelodysplasia with an MLL abnormality, the latency period was short with median of only 22 months for inv(16) and 29 months for t(15;17). The majority of patients in that report had received therapy with topoisomerase II inhibitor and an alkylating agent. Interestingly, 10 patients with inv(16) and 12 patients with t(15;17) had received radiation therapy alone, thus demonstrating a role for radiotherapy as a possible causative agent in these chromosomal translocations. Similar to our patient with inv(16) who had trisomy 8 as well (case 7), additional chromosomal abnormalities were common in both inv (16) and t(15;17) groups, but had no impact on survival. Distinct pathologic features of therapy-related inv(16)-positive AML and APL have recently been described [9, 19] . The incidence of acute leukemia following adjuvant breast cancer treatment in general is low. In one report, the cumulative risk of developing secondary acute leukemia was 1.7% at 8 years after receiving an anthracycline-containing regimen [20] . As expected, the incidence is higher with regimens containing anthracyclines compared with nonanthracycline-containing regimens [20] [21] [22] . Doseescalated anthracycline regimens appear to increase leukemia risk compared with standard dose anthracycline regimens [2, 20, [23] [24] [25] . An increased risk of AML/ myelodysplastic syndrome (MDS) has been demonstrated in patients who have received support with colony-stimulating factors (granulocyte colony-stimulating factor or granulocyte macrophage-colony stimulating factor) during adjuvant chemotherapy [26, 27] . Whether use of these growth factors is an independent risk factor or simply a surrogate measure of the intensity of chemotherapy is presently unknown.
Limited evidence suggests that addition of taxane to an anthracycline-containing regimen increases leukemia risk [28, 29] . Seven of 15 patients in our series had received a taxane either with or following anthracycline chemotherapy. Radiation therapy for breast cancer is also associated with increased AML/myelodysplasia risk after adjusting for other treatment components [25, 26] . The factors that predispose individual patients to treatment-related AML/MDS remain unknown. One study showed an association of treatmentrelated leukemia with a polymorphism in the gene for CYP3A4 enzyme that metabolizes many chemotherapeutic agents [30] . The issue of genetic predisposition to therapy-related acute leukemia and myelodysplasia has been extensively reviewed recently [4, 31] .
Our HSCT outcomes are superior to results of published studies of HSCT for therapy-related acute leukemia/MDS [32, 33] . For example, the 2-year disease-free survival for secondary AML as a whole was only 18 6 11% in a retrospective analysis of registry data [32] . In our series, the majority of patients with acute leukemia were able to achieve CR before undergoing HSCT. This may explain the excellent HSCT results seen in this study as low disease burden at time of HSCT has been shown to be a favorable prognostic factor in other studies [32, 33] . In addition, most AML patients in this series had low-risk or intermediaterisk cytogenetics and it has been shown that after accounting for cytogenetics, patients with therapy-related AML or myelodysplasia have a similar allogeneic HSCT outcome to those with de novo disease [34] . It is also possible that patients who were potential candidates for HSCT were selectively referred to us thereby further improving our results. At our institution, the HSCT results of these patients do not appear to be inferior to that of patients with de novo AML/MDS. All but one patient in this series received nonradiation-based myeloablative conditioning for HSCT, which may account for the low transplant-related mortality. Since the majority of early-stage breast cancer patients receive locoregional radiation therapy, it may be preferable to avoid total body radiation-based myeloablative conditioning in these patients in order to minimize transplant-related mortality from cardiopulmonary toxicity. Our results would indicate that for acute leukemias with short latency period following adjuvant breast cancer therapy, a high rate of CR can be achieved after induction chemotherapy and the results of allogeneic HSCT are excellent when carried out in CR1 using a chemotherapyconditioning regimen.
There is a need for precise assessment of leukemia/ myelodysplasia risk with modern adjuvant chemotherapy regimens for breast cancer especially when treating patients whose risk of disease recurrence is low. Recent studies suggest that adjuvant chemotherapy regimens may require modulation based on pathologic features of the tumor. For example, among patients with node-positive disease, those who are HER2-negative and estrogen receptor-positive appear to gain little benefit from addition of paclitaxel to the chemotherapy regimen in at least one, retrospective, exploratory analysis [35] . In the future, genomic profiling may help identify low-risk patients who can be spared life-threatening complications such as acute leukemia/MDS resulting from adjuvant chemotherapy [36, 37] . Annals of Oncology original article
